ABSTRACT Chimeric thymus, formed by fusing the prelymphoid third pharyngeal pouches of fetal mice with fetal liver, have been allowed to develop entirely in vitro. Syngeneic and allogeneic chimeras were prepared and both types of thymus were shown to contain substantial numbers of functional cytotoxic T lymphocyte precursors reactive against "third party" alloantigens. However, alloreactivity specific for H-2 antigens present on either the third pharyngeal pouch or the fetal liver was minimal. In three different allogeneic chimeric thymuses, the frequencies of cytotoxic T lymphocyte precursors reactive to H-2 antigens present on the third pharyngeal pouches were reduced to 1%, 4%, and 0% of control values, whereas, in the one allogeneic chimera tested for alloreactivity to H-2 antigens present on the fetal liver, the cytotoxic T lymphocyte precursor frequency was reduced to less than 1% of control values. The phenotype of the H-2 tolerance is shown to be one of functional clonal deletion of the cytotoxic T lymphocyte precursor.
The classical experiments of Billingham, Brent, and Medawar provided evidence that immunologic tolerance was a somatically acquired characteristic of lymphocyte populations (1) . Since the demonstration that tetraparental mice show tolerance to all four parental H-2 haplotypes (2), the idea that T-cell populations become tolerant of "self" H-2 antigens during ontogeny has become widely accepted, but the inductive mechanisms concerned remain controversial. The two dominant and not mutually exclusive mechanisms that have been proposed are: (i) the development of suppressor T cells preventing self-reactivity (3-7); and (ii) a purging of self-reactive cells from the Tcell repertoire, through either destruction or functional inactivation of self-reactive cells (1, (8) (9) (10) (11) . Studies in our laboratory have recently revealed evidence in favor of functional clonal deletion of cytotoxic T lymphocyte precursors (CTL-P) as one mechanism operative in a model of tolerance dependent on the injection of semi-allogeneic spleen cells into newborn mice (12) . This study had the advantage that the frequencies of functional CTL-P were quantitated by limiting-dilution cloning techniques. However, its disadvantages are that the newborn mouse already possesses readily detectable numbers of functional T cells in its thymus, and thus the sudden introduction of foreign cells does not mimic the physiologic situation in which, presumably, each potential self-reactive T cell must be dealt with in some way as it arises, thus ensuring that self-tolerance is acquired coincidentally with functional maturation of the immune system.
The pioneering studies of Le Douarin and colleagues (13, 14) have suggested a different approach to this problem. These techniques, as further modified in our laboratory (15) (16) (17) , allow the development of a thymus entirely in vitro, beginning with embryonic rudiments. The third pharyngeal pouch (TPP), which includes the Anlage of the thymic epithelial-reticular framework, is removed at 10 days' gestation. At this early stage, it is entirely devoid of infiltrating hemocytoblasts. When it is fused in vitro with 11-day fetal liver (FL) and then placed into organ culture for 3 weeks, a functional thymus with typical corticomedullary demarcation develops and can be shown to have Thyi-positive lymphocytes and Ia-positive cells of FL origin. Accordingly, we have constructed such chimeric thymuses by using both syngeneic and allogeneic FL-TPP combinations.
In this paper, we show that syngeneic and allogeneic preparations both contain substantial numbers of functional CTL-P reactive against irrelevant ("third party") H-2 antigens. Moreover, a specific state of tolerance develops to the H-2 antigen of both FL and TPP. The phenotype is one of functional clonal deletion of CTL-P.
MATERIALS AND METHODS Mice. Fetuses from the following strains of mice were used: BALB/c AnBradley (H-2d); CBA/CaH (H-2k); and C57BL/6J (H-2").
Preparation of Tissues and Organ Fusion. This has been described (16) . Briefly, the TPP were obtained from 10-day fetuses by sterile microdissection. Three or four TPP were fused together by overnight incubation (370C, 10% C02/90% humidified air) on the surface of a gel composed of 1% agar and 10% fetal calf serum in Dulbecco's modified Eagle medium. They were then transferred to 45-pim Millipore filters floating on rafts of Gelfoam (Upjohn) in modified Eagle medium supplemented with 15% fetal calf serum. These organ cultures were accumulated over a period of 2 weeks; then, all were colonized by placement of one lobe of 11-day FL beside or on top of each TPP in culture. Medium was changed at 3-to 4-day intervals for 3 weeks. Then the cultures were harvested by trypsinization to obtain a single-cell suspension. Average yield was 105 Iymphocytes per organ.
Limit-Dilution Microcultures. The method has been described (11, 12) . Limiting numbers of responder cells were cultured (370C, 7 days, 10% C02/90% humidified air) with 4 x 105 x-irradiated "stimulator" spleen cells in 0. 
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Analysis of Lytic Potential. Each culture was individually assayed for its capacity to lyse 5 x 103 "'In oxine-labeled P815 (H_2d), C1. 18 (H-2), or E14 (H-2b) target cells over a 4-hr incubation (37TC, 10% CO2) according to the radioautographic method of Shortman and Wilson (18) . Positive wells were then determined (19) .
CTL-P Frequency Estimation. Best-fit lines of the number of responder cells per well (x axis) vs. natural logarithm of the fraction of nonresponding cultures (In Fo; y axis) have been plotted by using the maximal likelihood estimator (19) . The precursor frequency can be shown to be equivalent to the slope of this line.
RESULTS

Various in vitro chimeric thymuses of the type A -t B, in which
A refers to the strain of the FL and B refers to the strain of the TPP, were constructed. Cells from these thymuses were then tested for their ability to respond to different allogeneic stimulator cells in vitro and so generate cytotoxic effector cells. able to generate a significant and essentially equivalent response to CBA stimulation (CTL-P frequencies, 62.7 x 10-6 and 93.7 x 10-6, respectively), cells from C57 --CBA chimeric thymus were virtually unable to respond to CBA stimulation (CTL-P frequency, 0.7 x 10-6). To check that this low response after CBA stimulation was truly the result of immunologic tolerance and not merely from failed chimerization, cells from the same pools (C57 -+ C57, C57 --BALB/c, and (CTL-P frequencies, 350 X 10-6 and 391 X 10-6, respectively) ( Fig. 2) . Furthermore, cells from C57 --BALB/c chimeras could mount only a poor response to BALB/c alloantigens (CTL-P frequency, 16 .7 x 10-6) compared to cells from C57 -* C57 and C57 --CBA chimeras, even though cells from the same pool were functional against CBA alloantigens (Fig. 1) .
Figs. 1 and 2 also demonstrate that, when cells from the chimeras show tolerance, the best-fit lines exhibit zero-order kinetics [i.e., straight lines passing through a point near the origin (0, 0)]. This can be shown to indicate that only one cell type (the CTL-P) is limiting the response (19, 20) . Consequently, suppressor mechanisms can be excluded as having contributed to this tolerance, unless the frequency of suppressors is so high that they were not limiting even with the lowest cell number used.
We were concerned at the overall discrepancy in CTL-P frequencies between H-2d and H-2k stimulation. That is, the frequency of H-2d-reactive CTL-P in the C57 --C57 chimera was 391 X 10-6, whereas the frequency of H-2k reactive CTL-P in the C57 --C57 chimera was only 62.7 x 10-6. To test that this was not a chimeric artifact, thXmus cells from 2-week-old C57 mice were tested for their H-2 and H-2k responses. CTL-P reactive against H-2d alloantigens were also more frequent than those reactive against H-2k alloantigens (frequencies, 189 x 10-6 and 70.8 x 10-6, respectively) (Fig. 3) . Possibly, P815 functions better as a target than C1. 18 does.
We have also examined BALB/c --C57 chimeras. Fig. 4 shows the results of an experiment in which cells from BALB/ c -+ C57 and BALB/c --BALB/c chimeras were challenged in vitro with C57 stimulation and assayed on EI-4 targets. Cells from the BALB/c -) C57 chimeras were totally unable to mount a response against C57 alloantigens (CTL-P frequency, 0), whereas cells from BALB/c --BALB/c chimeras were able to mount a response against C57 alloantigens (CTL-P frequency, 27 .5 x 10-). Again CBA chimeric cells responding to BALB/c stimulation (A) (CTL-P frequency, 0.9 x 10-6).
stricted. It was also noted that the proportions of CTL-P generally were somewhat higher in the cultured thymuses than in thymuses allowed to mature normally in vivo. This could be due to the in vitro conditions favoring the development of a disproportionately high number of medullary-type thymocytes (21) , which in turn could be associated with an inability of cells to migrate from the thymus into the peripheral pool.
The quantitative cloning technique for CTL-P permitted determination of the degree and nature of tolerance that might have developed within T cells maturing in an allogeneic thymus Anlage. Clear evidence of tolerance toward the H-2 antigens of the thymus framework and of the antigens of the thymocytes themselves was obtained within lymphocyte populations retaining adequate third-party reactivity. Furthermore, the limiting-dilution analysis strongly suggested a functional clonal deletion in both cases. If suppressor cells were at work, they failed to allow clonal expression even when small numbers of total thymus responder cells were present in. a well, and so the suppressors must have been present at an extraordinarily high frequency. If a functional clonal deletion was indeed achieved, it appears that antigens from the FL-derived T cells or accessory cells and from the thymic epithelioreticular framework were equally effective. Of course, the results do not exclude the possibility that clonal deletion was induced by a population of suppressor/cytotoxic lymphocytes active within the original thymus organ culture-e. g., an anti-idiotypic cell as has been proposed (7, 12) .
Recent elegant experiments in the rat (22, 23) bear on this point. Neonatal rats were rendered tolerant by injection with semi-allogeneic adult lymphocytes, and-suppressor T cells were generated which prevented graft rejection in suitable irradiated recipients. Adoptive transfer experiments showed an active role for chimeric donor lymphocytes, best understood as an immune response to the idiotypes of alloreceptors on host T cells. The target of the suppressor cells so generated was therefore the alloreactive T cell bearing receptors for tolerated antigen. If such cells were frequent, they could mask the activity of competent anti-allo CTL-P even with few responders present in a well.
Theoretically, the two-cell nature of the functional incompetence should show up in a departure from linearity in the limiting-dilution graphs, but in practice it may not be possible to dilute out suppressors if they are very frequent because then the number of positive wells would be too low to score. It must be stressed that the transplantation tolerance induced by semiallogeneic lymphocytes is occurring in an animal that has a substantial number of foreign but mature lymphocytes. Such a system may favor the development of suppressor networks. In contrast, our system allows the synchronous development of a genotypically homogeneous population. Nevertheless, we have preliminary evidence in another system (antihapten cytotoxic tolerance) suggesting that suppressor influences in cytotoxic cultures can be overcome by suitable amounts of stimulatory lymphokines, under which circumstance clonal deletion can still be shown. Thus, it may be that suppression and deletion coexist in transplantation tolerance.
We have no evidence bearing on the question of whether thymic epithelial cells bearing H-2D or H-2K antigens directly interact with emerging, potentially self-reactive T cells, or whether a processing step-e.g., via an Ia-positive FL-derived cell-is necessary. If the latter, the results stand in contrast to experiments suggesting that allogeneic differences within the I region facilitate tolerance induction to class I major histocompatibility complex antigens (24) . As regards the tolerance of the thymocytes themselves toward the H-2 antigens, it is possible that CTL-P for self H-2 would be destroyed by some clonal abortion mechanism on contact with a neighboring lymphoid cell (25) . Because one cannot detect CTL-P of a given specificity other than through their function, it is impossible to determine whether the self-reactive cells are actually killed or simply rendered anergic, as appears to be the case for B cells under some circumstances (26) .
Our interpretation differs from that of Morrissey et al. (27) (29) . In those experiments it was shown that low-responder lymphocytes maturing in a highresponder thymus acquired the high-responder phenotype even though high/low response is genetically based. Similarly, the H-2 restriction preference for lymphocytes has been claimed to occur in the thymus (30) . In this case, however, the key cell that educates the developing lymphocytes may be of bone marrow origin, even though it is not a lymphocyte (31). It seems probable that the thymus serves more functions than simply allowing lymphocytes to divide and mature. It may be the site of clonal diversification, selection for low-affinity self-reactivity, and elimination of potentially destructive, high-affimity anti-self cells (32) . If so, it is not surprising that the thymic framework can influence toleragenesis. It will be of interest to determine the nature of tolerance to class II major histocompatibility complex antigens and the major histocompatibility complex restriction specificities of cells from such chimeric thymuses.
